RNA viruses have 5 and 3 untranslated regions (UTRs) that contain specific signals for RNA synthesis. The coronavirus genome is capped at the 5 end and has a 3 UTR that consists of 300 to 500 nucleotides (nt) plus a poly(A) tail. To further our understanding of coronavirus replication, we have begun to examine the involvement of host factors in this process for two group II viruses, bovine coronavirus (BCV) and mouse hepatitis coronavirus (MHV). Specific host protein interactions with the BCV 3 UTR [287 nt plus poly(A) tail] were identified using gel mobility shift assays. Competition with the MHV 3 UTR [301 nt plus poly(A) tail] suggests that the interactions are conserved for the two viruses. Proteins with molecular masses of 99, 95, and 73 kDa were detected in UV cross-linking experiments. Less heavily labeled proteins were also detected in the ranges of 40 to 50 and 30 kDa. The poly(A) tail was required for binding of the 73-kDa protein.
Coronaviruses are members of the newly described order Nidovirales, a group of positive-sense, single-stranded RNA viruses that synthesize a nested set of subgenomic mRNAs during infection (reviewed in reference 9). Coronaviruses possess the largest known RNA virus genome, which is 26 to 30 kb long and contains 9 or 10 open reading frames (ORFs) as well as short untranslated regions (UTRs) at the 5Ј and 3Ј ends (reviewed in reference 27). The genome is capped at the 5Ј end and polyadenylated at the 3Ј end. Virus replication occurs entirely in the cytoplasm, with RNA synthesis being carried out by viral ribonucleoprotein (RNP) complexes that presumably also include cellular proteins.
Following coronavirus entry into cells, the plus-strand RNA genome serves as the initial template for both translation of the viral replicase proteins, including the RNA-dependent RNA polymerase, and synthesis of full-length minus-strand RNA. A nested set of subgenomic mRNAs that contain 5Ј and 3Ј ends identical to those on the genomic RNA are also synthesized during infection (reviewed in reference 27). A minusstrand RNA complement to each subgenomic RNA is present in infected cells (17, 18, 48) . The mechanism for the synthesis of the subgenomic RNAs is not fully understood, but several models have been proposed to explain mRNA transcription (2, 24, 47, 58) .
Previous reports have implicated a role for the coronavirus UTRs in genome replication. Mouse hepatitis coronavirus (MHV) defective genomes lacking the 3Ј-terminal 55 nucleotides (nt) of the 3Ј UTR and the poly(A) tail were unable to serve as templates for minus-strand synthesis (33) . In addition, UTRs from both the 5Ј and 3Ј ends of the genome were necessary for defective genome plus-strand synthesis (23, 32) . These UTRs must therefore serve as cis-acting signals for defective genome replication and, in this capacity, recruit viral factors and possibly cellular proteins for formation of the replication complex.
Several studies have investigated whether host proteins specifically bind to the UTRs of MHV (10, 64) . Proteins with molecular masses of 142, 120, 100, 103, 81, 70, 55, and 33 kDa bound the MHV 3Ј UTR (64) . To date, none of these proteins have been identified. However, two cellular proteins that bind to the 5Ј end of the MHV genome have been identified. Heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1), a cellular protein involved in alternative splicing of cellular mRNAs, binds the MHV minus-strand complement of the leader sequence (30) . Polypyrimidine tract binding protein (PTB), also known as heterogeneous nuclear RNP I (hnRNP I), interacts with positive strand MHV leader RNA (29) . Recently it was shown that PTB also binds the minus strand of the MHV 3Ј UTR (20) . It was suggested that hnRNP A1 and PTB may play a role in coronavirus transcription by helping mediate 5Ј-and 3Ј-end interactions (25, 26) .
We began our studies on the role of host proteins in coronavirus genome transcription and replication by examining whether host proteins specifically bind the 3Ј UTR of bovine coronavirus (BCV). Our results show that poly(A) binding protein (PABP) and other host proteins specifically interact with the 3Ј UTR. As expected, the poly(A) tail was required for PABP interaction with the 3Ј UTR. These results led us to extend our study and investigate the importance of the poly(A) tail in coronavirus defective genome replication. We demonstrate that the poly(A) tail is an important cis-acting signal for RNA replication. A BCV defective RNA replicon that lacked a poly(A) tail was not competent for replication, whereas replicon RNAs that contained 5-, 10-, and 68-nt poly(A) tails were replicated during BCV infection. MHV MIDI-C defective interfering (DI) RNAs containing poly(A) tails of 0, 5, and 10 nucleotides were also examined and found to undergo replication and amplification over virus passage at delayed rates compared to wild-type MIDI-C DI RNA. Replication of MIDI-C RNA with shortened tails or lacking a tail altogether appeared to be mediated by poly(A) repair. Detectable tail extension of poly(A) mutants correlated with the appearance of these RNAs in the DI replication assay. Binding of PABP to the 3Ј UTR of the replicons correlated with their ability to be replicated. These findings are consistent with current thinking that plus-strand RNA virus replication has evolved to depend on elements of the cellular translation machinery.
MATERIALS AND METHODS
Viruses and cell lines. Human ileocecal adenocarcinoma (HCT-8) cells (American Type Culture Collection) were used for BCV infections. A clonal line of mouse L cells (17Cl1) was used for MHV-A59 infections. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS). Stocks of plaque purified Mebus strain BCV and MHV-A59 were grown and subjected to titer determination in HCT-8 and 17Cl1 cells, respectively.
Preparation of S10 cytoplasmic extracts. Subconfluent cell monolayers were infected in serum-free DMEM at a multiplicity of infection of 5. After infection, the cells were cultured in DMEM containing 5% FCS. Mock-infected cells were maintained in parallel. Mock-and BCV-infected cytoplasmic lysates were prepared 10 h after infection. The cells were washed three times with ice-cold phosphate-buffered saline and twice with ice-cold hypotonic buffer (10 mM HEPES [pH 7.6], 10 mM KCl, 1.5 mM MgCl 2 ). The cells were resuspended in hypotonic lysis buffer that contained 1 mM phenylmethylsulfonyl fluoride, EDTA-free 1ϫ protease inhibitor cocktail (Boehringer Mannheim), 0.5% Nonidet P-40 (NP-40), and 0.5% sodium deoxycholate. After being incubated on ice for 10 min, the cell lysates were centrifuged at 10,000 ϫ g for 15 min at 4°C to remove nuclei and cell debris. Following centrifugation, the supernatant was dialyzed overnight at 4°C against hypotonic buffer supplemented with 1 mM phenylmethylsulfonyl fluoride, 1ϫ protease inhibitor cocktail, and 5% glycerol. Protein concentrations were determined using a bicinchonic acid protein assay (Pierce). Aliquots of the dialyzed supernatants were stored at Ϫ80°C. All lysates were monitored for the viral nucleocapsid protein by Western blotting. The lysates were stable for 1 month when stored at Ϫ80°C.
Plasmid construction. All oligonucleotides used for plasmid constructions in this study are listed in Table 1 . Plasmid pBCV3ЈUTR was constructed in two steps. First, the 426-nt PstI fragment from pDrep (5) was ligated into PstI-cut pGEM3Zf(ϩ) to create pDrep3Ј. PCR primers SY-Eco and SY-Sty were used to amplify 217 nt from the 3Ј UTR of pDrep. This fragment was digested with EcoRI and StyI before being ligated into EcoRI-StyI-cut pDrep3Ј plasmid to create pBCV3ЈUTR ( Fig. 1 ).
Plasmid pMHV3ЈUTR was created by PCR amplifying a 394-nt region from pMIDI-C (8) using primers JS3 and JS2. EcoRI and XbaI sites were introduced at the 5Ј and 3Ј ends, respectively, during amplification. The amplified region was digested with EcoRI and XbaI and ligated into EcoRI-XbaI-cut pGEM3Zf(ϩ) plasmid.
To make plasmid pBCV3ЈA 1 , oligonucleotides JS8 and JS9 were annealed to create a linker containing the authentic sequence between the unique MunI site and the 3Ј end of the BCV 3Ј UTR minus 67 nt of the poly(A) tail. Annealing was performed with equivalent amounts of each oligonucleotide at 37°C for 30 min. The linker was subsequently phosphorylated with T4 polynucleotide kinase (Promega) for 1 h at 37°C. Ligation of the linker into MunI-MluI-cut pBCV3ЈUTR resulted in deletion of 67 of the 68 A residues from the poly(A) tail.
Plasmid pBCV3ЈA 5 was created in the same manner as described for pBCV3ЈA 1 , using oligonucleotides JS10 and JS11. Oligonucleotides JS12 and JS13 were used to make pBCV3ЈA 10 .
Plasmids pDrepA 1 , pDrepA 5 , and pDrepA 10 were also constructed using JS8-JS9, JS10-JS11, and JS12-JS13 oligonucleotide pairs, respectively. The oligonucleotides were annealed, and the phosphorylated linkers were ligated into MunI-MluI-digested pDrep DNA.
pMHV3ЈUTR plasmid DNA was also manipulated by linker mutagenesis to contain poly(A) tails of 0 (pMHV3ЈA 0 ), 5 (pMHV3ЈA 5 ), and 10 (pMHV3ЈA 10 ) A residues. Complementary oligonucleotides JS16-JS17, JS18-JS19, and JS20-JS21 were annealed to create linkers containing the designated poly(A) sequence flanked by MunI and NheI restriction site overhangs and were cloned into MunI-NheI-digested pMIDI-C DNA.
Plasmids pMIDI-C A 0 , pMIDI-C A 5 , and pMIDI-C A 10 were constructed by replacing the NruI-NheI fragment from MIDI-C with the NruI-NheI fragments from pMHV3ЈA 0 , pMHV3ЈA 5 , and pMHV3ЈA 10 , respectively.
All plasmid sequences involving oligonucleotide synthesis and PCR amplification were verified by dideoxynucleotide sequencing using Sequenase (U.S. Biochemicals).
Preparation of RNA transcripts. 32 P-labeled RNAs were prepared by in vitro runoff transcription of linearized plasmid DNAs with T7 RNA polymerase as specified by the manufacturer (Promega). pBCV3ЈUTR, pBCV3ЈA 1 , pBCV3ЈA 5 , pBCV3ЈA 10 , pDrepA wt , pDrepA 1 , pDrepA 5 , and pDrepA 10 were linearized with MluI. pMHV3ЈUTR, pMHV3ЈA 0 , pMHV3ЈA 5 , pMHV3ЈA 10 , pMIDI-C A wt , pMIDI-C A 0 , pMIDI-C A 5 , and pMIDI-C A 10 were linearized with NheI. Vector pGEM3Zf(ϩ) was linearized with ScaI. Plasmid pGEM3HA that contains the influenza virus hemagglutinin gene (16) was digested with StyI. DNA templates used to transcribe RNAs for replication, stability, and streptavidin pulldown 5Ј GGA GAA TTC ACC TTA TGT CG 3Ј  BCV 3Ј UTR  ϩ  SY-Sty  5Ј CTT CCC TTG GGC ACT TG 3Ј  BCV 3Ј UTR  Ϫ  JS2  5Ј GGC GAT CTA GAT GGG TAA CG 3Ј  MHV 3Ј UTR  Ϫ  JS3  5Ј GAG AAT TCA TCC TAT GTC GGC G 3Ј  MHV 3Ј UTR  ϩ  JS8  5Ј AAT TGG AAG AAT CAC A 3Ј  BCV 3Ј 
SY-Eco
5Ј AAT TGG AAG AAT CAC AAA AAA AAA A 3Ј BCV 3Ј A 10 , Drep A 10 ϩ JS13
5Ј CGC GTT TTT TTT TTG TGA TTC TTC C 3Ј  BCV 3Ј A 
5Ј AAT TGG AAT AAT CAC AAA AAA AAA AG 3Ј MIDI-C A 10 experiments were mung bean nuclease treated after endonuclease digestion to remove extraneous nucleotides on the noncoding strand of the DNA. Transcription reactions were carried out for 1 h at 37°C. Template DNA was destroyed by incubation for an additional 15 min with 20 U of RNase-free DNase. Unincorporated nucleotides were removed from labeled transcripts using micro Bio-Spin columns (Bio-Rad) which had been washed extensively with diethylpyrocarbonate-treated water. Transcripts were monitored on 5% polyacrylamide gels containing 8 M urea. The specific activity of each probe was determined using standard methods. Unlabeled RNAs were transcribed using the T7 MEGAscript kit (Ambion). RNAs generated for transfection were transcribed and capped using the MEGAscript kit, DNase treated, LiCl precipitated, quantitated spectrophotometrically at an optical density of 260 nm (OD 260 ), and monitored on 1% agarose-0.25ϫ Tris-borate-EDTA (TBE) gels. To generate biotinylated RNAs, biotin-21-UTP (Clontech) was included in MEGAscript (Ambion) transcription reactions at a biotin-21-UTP/UTP ratio of 1:5. Biotinylated RNAs were processed as described for unlabeled RNA transcripts.
EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed as follows. RNA-protein binding reactions were performed by preincubating 1 to 10 g of S10 cytoplasmic extracts with 20 g of tRNA and a 50-fold molar excess of influenza virus HA RNA for 10 min at room temperature in reaction buffer (25 mM KCl, 5 mM HEPES [pH 7.6], 2 mM MgCl 2 , 0.1 mM EDTA, 3.8% glycerol, 2 mM dithiothreitol, 1 U of RNase inhibitor). Influenza virus HA RNA and tRNA were included to reduce nonspecific binding. After preincubation with the nonspecific RNAs, 1 ng of 32 P-labeled BCV 3Ј UTR RNA probe was added and the reaction mixtures were incubated an additional 10 min. Heparin (100 g) was added, and the reaction mixtures were incubated further for 10 min. The final reaction volume was 10 l. For competition assays, unlabeled competitor RNA was included in the preincubation step. RNA-protein complexes were resolved by electrophoresis through a 5% nondenaturing polyacrylamide gel in 0.5ϫ TBE buffer (50 mM Tris, 45 mM boric acid, 0.5 mM EDTA) at constant voltage (350 to 450 V) at room temperature. The gels were preelectrophoresed for 45 min before the samples were loaded. The gels were fixed in a solution of 10% methanol and 5% acetic acid, dried, and autoradiographed. UV-induced cross-linking of RNA-protein complexes. RNA-protein binding reaction mixtures were assembled in microtiter plate wells. The binding reactions were set up as described for EMSAs, except that reaction volumes were tripled to give a final volume of 30 l. Following binding, the reaction mixtures were placed on ice and UV irradiated at 254 nm (UV Stratalinker; Stratagene) at a distance of 10.5 cm for 30 min. After cross-linking, 25 g of RNase A and 250 U of RNase T 1 were added to each reaction mixture, and the mixtures were incubated at 37°C for 30 min. Laemmli sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer containing ␤-mercaptoethanol was added to the reaction mixtures. Samples were heated at 95°C before being resolved by SDS-PAGE. Gels were electrophoresed at 35 mA each, fixed in a solution of 10% methanol and 10% acetic acid, dried, and autoradiographed. For immunoprecipitation experiments, UV-cross-linked reaction mixtures from infected lysates were diluted in immunoprecipitation buffer (50 mM Tris [pH 7.6], 150 mM NaCl, 20 mM EDTA, 1% Triton X-100). The reaction mixtures were then incubated at 4°C for 2 to 4 h with antibody 61925, a polyclonal antibody against a human PABP (3), and then incubated with protein G-agarose (Pierce) for 1 h. Immunoprecipitates were washed three times with immunoprecipitation buffer and once with immunoprecipitation buffer lacking detergent. Immune complexes were eluted in Laemmli sample buffer, heated at 95°C for 3 min, and analyzed by SDS-PAGE.
Defective genome replication. HCT cells at ϳ70% confluency (ϳ10 6 cells) in 60-mm-diameter plates were infected with BCV at a multiplicity of infection of 5. Following infection, the inoculum was replaced with 1 ml of Opti-MEM (Life Technologies), and the cells were transfected immediately with 1 g of capped RNA transcripts using Lipofectin (Life Technologies) as recommended by the manufacturer. At 4 h posttransfection, the medium was replaced with 2 ml of DMEM that contained 5% FCS. For virus passage experiments, cell culture supernatants were collected at 24 h after transfection and centrifuged for 15 min at 13,000 rpm in a microcentrifuge before being used to infect new cells.
MHV experiments were carried out in a similar manner using 17Cl1 cells. For virus passage experiments, cell culture supernatants were collected at 12 h after transfection and centrifuged for 15 min at 13,000 rpm in a microcentrifuge before being used to infect new cells.
Northern blot analysis. To recover total intracellular RNA, cells were washed twice with phosphate-buffered saline and lysed with TRIzol reagent (Life Technologies) as specified by the manufacturer for isolation of RNA. RNA pellets were resuspended in diethylpyrocarbonate-treated water. ODs were determined and RNA concentrations were calculated for each sample. Equivalent amounts of total cytoplasmic RNA were denatured prior to electrophoresis at 80 V for 5 h (MHV) or 6 h (BCV) in 1% agarose gels containing 2.2 M formaldehyde. After electrophoresis, gels were vacuum blotted onto nylon membranes in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Following a brief soak in 6ϫ SSC, the membranes were cross-linked using 0.12 J (UV Stratalinker). Blots were prehybridized in buffer containing 6ϫ SSC, 5ϫ Denhardt's solution, 50 g of sheared salmon sperm DNA per ml, and 0.1% SDS for 2 h at 65°C for the transmissible gastroenteritis virus (TGEV) reporter probe or 68°C for the BCV N-specific or MHV N-specific probe prior to the addition of 32 P-labeled probe. After an overnight incubation with probe, the membranes were washed and autoradiographed at Ϫ80°C for 1 to 24 h. A 5Ј-end-labeled oligonucleotide probe (Table 1 ) was used to specifically detect the TGEV reporter sequence in Drep and the Drep poly(A) tail mutants. To measure BCV or MHV replication 32 P-labeled N-gene-specific riboprobes were used. The specific activities of the 32 P-labeled probes ranged from 4.3 ϫ 10 7 to 2.6 ϫ 10 8 cpm/g. RNA stability. HCT or 17Cl1 cells were seeded and transfected as described above. At the indicated times posttransfection, RNAs were extracted with TRIzol and analyzed by Northern blotting using the TGEV reporter oligonucleotide probe for Drep or an MHV N-gene-specific riboprobe for MIDI-C. Quantitation was performed by PhosphorImager (Molecular Dynamics) analysis.
Streptavidin pulldown assay. Binding-reaction mixtures (50 l) were assembled as described for EMSAs with the following modifications: 150,000 cpm of in vitro-translated luciferase or human PABP (hPABP) was used as a protein source, 1 g of biotinylated BCV3ЈUTR or MHV3ЈUTR RNA was used as a probe, and the binding buffer contained 250 mM KCl, 5 mM HEPES [pH 7.6], 2 mM MgCl 2 , 0.1 mM EDTA, 3.8% glycerol, 2 mM dithiothreitol, 1 U of RNase inhibitor, and 0.2% NP-40. After the final 10-min incubation with heparin, 50 l of a 20% Ultralink streptavidin (Pierce) suspension (packed volume/volume) was added to each sample and incubated for 15 min at room temperature with occasional mixing. Samples were washed five times with 1ϫ binding buffer, eluted in 2ϫ Laemmli sample buffer, and resolved by SDS-PAGE. To examine the recovery of biotinylated RNA, samples were assembled in double volume and, following the fifth wash with 1ϫ binding buffer, divided in two. One half was processed as described for protein detection, and the other half was incubated with streptavidin conjugated to alkaline phosphatase (Zymed) for 15 min at room temperature in 200 l of 1ϫ binding buffer. The reaction mixtures were again washed five times with 1ϫ binding buffer and resuspended in 100 l of diethanolamine buffer (10% diethanolamine, 3 mM NaN 3 , 0.5 mM MgCl 2 ) containing 1 mg of p-nitrophenyl phosphate (Sigma) per ml. The reaction mixtures were incubated for 30 min at 37°C, and the reactions were terminated by adding 50 l of 3 M NaOH to each sample. The mixtures were briefly centrifuged, the supernatants were transferred to a microtiter plate, and the absorbance was read at OD 410 .
RT-PCR assay for poly(A) tail extension.
To determine whether poly(A) tail repair had occurred during the course of our replication experiments, a reverse transcription-PCR (RT-PCR) protocol was developed using oligo(dT) [12] [13] [14] [15] [16] [17] [18] (Amersham Pharmacia) and a 5Ј oligonucleotide primer, JS24 ( Table 1 ). The 5Ј PCR primer was designed to span the polymerase 1b-N junction found specifically in MIDI-C RNA ( Fig. 1 ) to avoid amplification of viral genomic and subgenomic RNAs present in the total intracellular RNA samples. An 847-bp product was expected from successful RT-PCR. In vitro-transcribed MIDI-C RNA (200 ng) was reverse transcribed using 20 M oligo(dT) 12-18 with 8 to 10 U of avian myeloblastosis virus reverse transcriptase (Promega) at 37°C for 50 min. Onequarter of each reaction mixture was then subjected to 40 cycles of PCR amplification using Deep Vent polymerase (New England Biolabs) with 50 M JS24 primer and oligo(dT) [12] [13] [14] [15] [16] [17] [18] and the following cycling conditions: 94°C for 30 s, 40°C for 2 min, and 72°C for 1 min. A 5-min extension at 72°C was included following 40 cycles of PCR amplification. For replication samples, 500 ng of total cytoplasmic RNA from virus passages 0 to 4 was reverse transcribed in the presence of 20 M oligo(dT) [12] [13] [14] [15] [16] [17] [18] and 20 M M648-633 primer ( Table 1) . One-quarter of every reaction mixture was then used in each of two parallel PCRs: poly(A) PCR [using JS24 primer and oligo(dT) [12] [13] [14] [15] [16] [17] [18] ] and M PCR (using primers M144-163 and M648-633). The PCR products were monitored on 1% agarose-1ϫ TBE gels.
RESULTS

Binding of host proteins to BCV 3 UTR RNA.
To determine whether cellular proteins interact with the BCV 3Ј UTR, a gel mobility shift assay was developed. We initially used an in vitro-generated transcript representing the entire 3Ј UTR of BCV genomic RNA, including a 68-nt poly(A) tail, as a probe ( Fig. 1 ). Uniformly labeled probes were incubated with cytoplasmic extracts from mock-and BCV-infected HCT cells. Binding-reaction mixtures were incubated at room temperature in the presence of excess noncoronavirus RNA to minimize nonspecific interactions. Protein-RNA complexes were analyzed by nondenaturing PAGE. Two distinct RNA-protein complexes were detected in both mock-and coronavirus-infected cytoplasmic extracts ( Fig. 2A) . Proteinase K sensitivity experiments demonstrated that both complexes contained protein components (data not shown).
The specificity of the RNA-protein complexes was determined by competition experiments with unlabeled competitor RNAs. Prior to the addition of labeled probe, unlabeled competitor RNAs were preincubated with cytoplasmic lysates. A 25-fold molar excess of unlabeled BCV 3Ј UTR RNA efficiently competed for both complexes in mock-infected and infected cell lysates (Fig. 2B, lanes 3 and 4 and lanes 6 and 7) . However, no competition was observed when a 100-fold molar excess of the pGEM RNA was included as the competitor (Fig.  2C, lanes 3 and 6) . Addition of a 500-fold molar excess resulted in only very minor competition (lanes 4 and 7). The results clearly demonstrate that the BCV 3Ј UTR-protein complexes are specific.
To further assess specificity and determine if the cellular proteins bound a closely related coronavirus 3Ј UTR genomic RNA, the MHV A59 3Ј UTR was used as the unlabeled competitor. A 25-fold molar excess of unlabeled MHV 3Ј UTR RNA competed as efficiently as the BCV 3Ј UTR RNA for complex formation (Fig. 2D, lanes 3 and 4 and lanes 6 and 7) . Identical results were obtained when mock-and MHV A59infected 17Cl1 cell lysates were used. Taken together, these results indicate that the 3Ј UTR-protein complexes are coronavirus specific, at least for the group II viruses.
Size estimation of bound proteins by UV cross-linking. To begin to identify the proteins that bound the BCV 3Ј UTR, UV-cross-linking experiments were performed to estimate the sizes of the bound proteins. Gel shift reactions with the BCV 3Ј UTR probe were set up in triple the normal volume. Competitions were performed with a 100-to 500-fold molar excess of unlabeled competitor RNAs. Protein-RNA complexes were UV cross-linked and extensively digested with a mix of RNase A and RNase T 1 prior to analysis by SDS-PAGE. Several prominently labeled species were detected (Fig. 3, lane 2) . The slowest-migrating species had estimated molecular masses of 99 and 95 kDa. The most heavily labeled protein was estimated to have a molecular mass of approximately 73 kDa. At least five or six additional faster-migrating species in the estimated molecular mass range of 30 to 60 kDa were also observed.
Mapping of the region bound by p73. Since the 73-kDa species exhibited the strongest UV cross-linking signal, we chose to focus our initial efforts on further characterization of this protein. We first sought to determine the location of the p73 binding site(s) on the 3Ј UTR. The unique restriction sites StyI and BalI within the 3Ј UTR ( Fig. 1 ) were used to create constructs from which truncated transcripts were transcribed. Transcription of BCV3ЈStyI yielded an RNA which lacked the 3Ј-most 172 nt [104 nt of UTR plus 68 nt of the poly(A) tail] of the 3Ј UTR. BCV3ЈBalI transcripts lacked the 3Ј-most 85 nt [17 nt of UTR plus 68 nt of poly(A) tail] of the 3Ј UTR. Results from UV-cross-linking experiments with the truncated RNA transcripts indicated that p73 bound the region encompassing the 3Ј 17 nt and poly(A) tail (data not shown).
To further map the binding site(s) and determine the specificity of the UV-cross-linking experiments, a series of RNAs were used as competitors. BCV3ЈUTR, MHV3ЈUTR, BCV3ЈBalI, BCV3ЈStyI, pGEM, and BCV3ЈA 1 RNA transcripts were used as competitors against labeled BCV3ЈUTR (Fig. 3 ). The BCV3ЈA 1 transcript lacked all of the poly(A) tail, except for one A residue that was retained during construction. Preincubation of cell lysates with a 100-fold molar excess of unlabeled BCV3ЈUTR and MHV3ЈUTR prior to the addition of 32 P labeled BCV3ЈUTR abolished detectable crosslinking of p73 to the labeled probe ( Fig. 3, lanes 3 and 4) . However, the same molar excess of BCV3ЈA 1 , BCV3ЈBalI, and BCV3ЈStyI, as well as a 500-fold molar excess of pGEM RNA, all failed to compete for p73 binding (lanes 5 to 8). This strongly suggested that p73 was binding to the poly(A) tail.
We were surprised to detect a protein that bound the poly(A) tail, since our assay was not designed to detect interactions with this region of our probe. Our full-length 3Ј UTR probe was labeled with [␣-32 P]UTP, and we expected the unlabeled poly(A) tail and any cross-linked poly(A)-binding proteins to be cleaved away with the combination of RNase A and RNase T 1 . Therefore, we concluded that p73 must be recruited by the poly(A) tail sequence but must also be sufficiently close to or base paired with upstream labeled U residues to be detected by cross-linking. Alternatively, the tail may fold back such that p73 would be in the vicinity of upstream, labeled U residues. To address this issue, we labeled probes with [␣-32 P]ATP. However, the results of UV cross-linking experiments were never conclusive, since we were unable to completely digest the labeled probe, even when increasing amounts of multiple RNases were used (data not shown).
The BCV3ЈUTR and MHV3ЈUTR probes, both of which included the poly(A) tail, appeared to compete for some of the lower-molecular-weight cross-linked proteins (Fig. 3, lanes 3  and 4) . However, binding of most of these proteins did not map to the poly(A) tail (Fig. 4, lane 5) . It is possible, as was seen for the 3Ј UTR of human rhinovirus, that protein binding is enhanced in the presence of a poly(A) tail (54) . It also appeared that the BCV3ЈStyI probe partially competed for binding of the p99 and p95 species (Fig. 3, lane 7) . The significance of these competitions will require more detailed mapping and analysis of the binding of these proteins to the 3Ј UTR.
Identification of p73 as PABP. After concluding that the poly(A) tail was necessary for binding of p73 to the 3Ј UTR, it was logical to assume that the protein might be the cytoplasmic PABP. PABP is an abundant cytoplasmic protein of ϳ70 kDa which interacts with the poly(A) tail that is present on most eukaryotic mRNAs (13) . Nucleotide residues cross-linked to the protein probably account for the difference in the estimated sizes of p73 and PABP. To address whether p73 was indeed PABP, a polyclonal anti-peptide antibody against human PABP (3) was used to immunoprecipitate the protein from BCV-infected HCT lysates after UV cross-linking. Cell lysates from BCV-infected HCT cells were used in cross-linking experiments with both full-length BCV3ЈUTR RNA and BCV3ЈA 1 RNA, which lacked the poly(A) tail. After the crosslinking step, equal samples from the infected-cell lysates were analyzed directly (Fig. 4, lanes 2 and 5) or after immunoprecipitation with the anti-PABP antibody (lanes 3 and 6). When analyzed directly, the p73 protein cross-linked to full length BCV3ЈUTR RNA (lane 2). However, a similar RNA-protein complex was not detected when the poly(A)-minus probe was used, further confirming that the tail is required for this complex to form (lane 5). When the lysates were immunoprecipitated after cross-linking, the antibody to PABP precipitated p73 that was cross-linked to the poly(A)-containing probe (lane 3). Proteins cross-linked to the BCV3ЈA 1 RNA probe were not immunoprecipitated with the PABP antibody (lane 6). No proteins were immunoprecipitated after cross-linking to either probe using rabbit preimmune or anti-BCV nucleocap- Cytoplasmic lysates were preincubated with nonspecific competitor RNAs (influenza C virus HA RNA and yeast tRNA) for 10 min at room temperature prior to the addition of 32 P-labeled BCV3ЈUTR RNA and further incubation for 10 min. Heparin was added, and incubation was continued for 10 min. RNA-protein complexes were resolved by nondenaturing PAGE (5% polyacrylamide). Lanes: 1, free probe; 2 to 5, addition of 5 g (even-numbered lanes) and 10 g (odd-numbered lanes) of cytoplasmic lysate from mock-and coronavirus-infected cells. The positions of free probe and protein complexes I and II are indicated. (B to D) Competition experiments were performed as described for the mobility shift assay, except that unlabeled competitor RNAs were also preincubated with cytoplasmic lysates prior to addition of 32 http://jvi.asm.org/ sid control sera (data not shown). The data indicated that p73 is PABP and confirmed that the poly(A) tail is necessary for PABP to interact with the BCV 3Ј UTR. The amount of PABP that was immunoprecipitated was greatly reduced compared to that of the p73 signal detected by direct UV cross-linking analysis (Fig. 4, compare lanes 2 and  3) . Several possibilities may account for this. First, it is possible that more than one protein species may be cross-linked to the BCV 3Ј UTR and that PABP is only one of the proteins that constitute the 73-kDa cross-linking signal. However, since PABP is found in vast excess within cells (13) , it is more likely that free PABP protein that was not bound to the BCV 3Ј UTR probe competed for immunoprecipitation of the cross-linked protein. Finally, the anti-PABP antibody has a low titer. Since we had a limited amount of the antibody for these experiments, our immunoprecipitations were probably not quantitative. Nevertheless, immunoprecipitation of UV-cross-linked p73 protein with PABP-specific antibody demonstrated that PABP interacts with the BCV 3Ј UTR.
Requirement of the poly(A) tail for coronavirus defective genome replication. After identifying PABP as one of the proteins that cross-linked to the 3Ј UTR, this raised questions about the role of the poly(A) tail in coronavirus genome replication and the possibility that PABP might also play a role in RNA replication in addition to its role in translation. Previ-ously published data indicated that the poly(A) tail is important for coronavirus RNA replication (33) . We thus sought to more precisely define the requirement of the poly(A) tail for replication. Since an infectious clone is not available for coronaviruses, we used the BCV defective genome Drep (5) and MHV DI MIDI-C RNA (8) to address this question. Drep contains 498 nt from the 5Ј end of BCV genomic RNA, the entire coding region of the N gene, 30 nt from TGEV that was engineered into the defective genome to function as a reporter sequence, and all of the 3Ј UTR plus a 68-nt poly(A) tail (Fig.  1) . The defective genome is replicated in BCV-infected cells (5) . MIDI-C RNA is 5.5 kb long and contains 3.9 kb from the 5Ј end of the MHV-A59 genome, including the entire 5Ј UTR and a portion of ORF 1a sequence, 0.8 kb of ORF 1b sequence, and 0.8 kb from the 3Ј end of the MHV genome including the carboxy terminus of the N ORF, the entire 3Ј UTR, and a poly(A) tail ( Fig. 1) (8) .
To determine if the poly(A) tail is necessary for coronavirus RNA replication, we generated pDrep constructs containing poly(A) tails with 1 A residue (pDrepA 1 ), 5 A residues (pDrepA 5 ), or 10 A residues (pDrepA 10 ), as well as pMIDI-C constructs containing poly(A) tails of 0 A residues (pMIDI-C A 0 ), 5 A residues (pMIDI-C A 5 ), or 10 A residues (pMIDI-C A 10 ). Our mutants were designed based on the fact that the minimal binding site for PABP is 5 A residues in the context of a larger oligonucleotide (13) . In vitro-generated transcripts from these constructs and wild-type Drep (DrepA wt ) or MIDI-C (MIDI-C A wt ) were transfected into mock-and BCVinfected HCT cells or MHV-infected 17Cl1 cells. Intracellular RNAs were extracted at 2 and 24 h (BCV P0) or 12 h (MHV P0) after transfection. Supernatants from virus-infected or -transfected cells were collected at P0, centrifuged to remove cellular debris, and used to infect new cells. Intracellular RNAs were harvested for four subsequent passages at 24 h (BCV) or 12 h (MHV) after infection. Total intracellular RNAs were quantified, and equal amounts of RNA were analyzed by Northern blotting. For the BCV experiments a 5Ј-end-labeled oligonucleotide probe that recognizes the TGEV reporter sequence in Drep and distinguishes between the defective genome and the viral subgenomic mRNAs was used ( Fig. 5 ). An MHV N gene-specific riboprobe that recognizes MIDI-C and all viral genomic and subgenomic RNAs was used for the MHV experiments (Fig. 6) .
The results showed that little or none of the transfected Drep RNAs persisted in mock-infected cells at 24 h after transfection, indicating that signals detected in the BCV-infected cells represented newly replicated Drep (Fig. 5, lanes 2  and 3) . In BCV-infected cells, all Drep RNAs were detected at 24 h; however only DrepA 5 , DrepA 10 , and DrepA 68 were detected upon serial passage ( Fig. 5B to D, lanes 6 to 9) . Only a minor amount of what appeared to be residual transfected DrepA 1 RNA was detected at the P0, 24-h time point (Fig. 5A , lane 5). No DrepA 1 was detected upon passage (Fig. 5A , lanes 6 to 9). DrepA 1 appeared not to be replicated or was so severely impaired for replication that it was undetectable upon passage. However, DrepA wt , DrepA 10 , and DrepA 5 were clearly replication competent and were detected in passages 1 through 4 ( Fig. 5B to D, lanes 6 to 9) . In all experiments, comparable levels of virus replication were confirmed by reprobing blots with an N-gene-specific probe that recognizes genomic and all subgenomic viral RNAs (data not shown).
All MIDI-C RNAs were present at 2 h posttransfection in mock-and MHV-infected cells (Fig. 6, lanes 3 and 5) . In mock-infected controls, none of the MIDI-C RNAs were detected at the P0 time point (lanes 4). In MHV-infected cells, replication of MIDI-C A 10 (Fig. 6C, lanes 6 to 10) and MIDI-C A wt (Fig. 6D, lanes 6 to 10) was detected at all virus passages. Replication of MIDI-C A 5 (Fig. 6B, lanes 6 to 10) was readily detectable from P1 through P4. However, MIDI-C A 0 RNA was undetectable at early passages but replication was consistently observed at P3 or P4 (Fig. 6A, lanes 6 to 10) .
The stability of the transfected Drep RNAs in the absence of viral infection was determined by harvesting total cytoplasmic RNA between 2 and 24 h following transfection and analyzing it by Northern blotting. All Drep RNAs exhibited similar decay rates (Fig. 7A) , with a half-life of approximately 10 h. All MIDI-C RNAs exhibited similar decay rates ( Fig. 7B) and possessed half-lives of approximately 5.3 h. It therefore appeared that there was no striking difference in the stabilities of the Drep and MIDI-C RNAs that could account for the observed differences in replication.
PABP binding correlates with coronavirus defective genome replication. To determine whether binding of the host factor PABP correlated with the observed replication phenotypes of our replicons, a streptavidin capture assay was developed. In vitro-translated, 35 S-labeled PABP or luciferase was incubated with biotinylated 3Ј UTR RNAs from the wild type and shortened-poly(A)-tail mutants used in the replication experiments described above. Immobilized streptavidin (Pierce) was added, and following further incubation, complexes were centrifuged and washed. Samples were divided in half. One aliquot was assayed for RNA recovery using an alkaline phosphatasebased colorimetric assay; RNA was recovered in all cases, as determined by the OD 410 reading (data not shown). The second aliquot was assayed for protein binding by SDS-PAGE ( Fig. 8) . The levels of background binding in the absence of biotinylated RNA probe were negligible for the negative control luciferase and for PABP (lanes 2 and 7, respectively). No binding above background was detected between luciferase and any of the 3Ј UTR RNAs (lanes 3 to 6).
Binding of PABP to BCV3ЈA 5 , BCV3ЈA 10 , and BCV3ЈA wt was detected (Fig. 8A, lanes 9 to 11) and was calculated to be in the range of 14-to 100-fold greater than background. The interaction between PABP and BCV3ЈA 1 was essentially that of background, at only 1.5-to 2-fold greater than the binding observed in the absence of RNA (compare lanes 7 and 8). PABP also readily interacted with MHV3ЈA 10 and MHV3ЈA wt (Fig. 8B, lanes 10 and 11) ; however, interactions with MIDI-C A 0 and MIDI-C A 5 were comparably weak, being only slightly above background binding between PABP and immobilized streptavidin in the absence of biotinylated RNA (compare 9 with lane 7) . It was expected that MHV3ЈA 0 would not interact with PABP, since this RNA lacks the minimal PABP binding site of 5 contiguous A residues (13) . However, MHV3ЈA 5 was expected to bind PABP, since we observed an interaction between BCV3ЈA 5 RNA and PABP. It is possible that the structure assumed by the 3Ј UTR RNA accounts for these results. Nonetheless MHV3ЈA 10 and MHV3ЈA wt RNAs, which replicated the most efficiently in our DI replication assay, clearly interacted with PABP.
Poly(A) tail extension of truncated defective genomes. We thought it likely that the eventual accumulation of RNAs containing severely truncated poly(A) tails was due to reestablishment of replication competency through poly(A) tail repair. To determine whether poly(A) tail repair had occurred during the course of our MIDI-C replication experiments, an RT-PCR method was developed using oligo(dT) [12] [13] [14] [15] [16] [17] [18] and a 5Ј oligonucleotide primer, JS24 (Table 1) , spanning the junction between MIDI-C polymerase 1b and nucleocapsid ORF sequences. The 5Ј PCR primer was designed to span the polymerase 1b-N junction found specifically in MIDI-C RNA to avoid amplification of viral genomic and subgenomic RNAs present in the total intracellular RNA samples. An 847-bp product was expected from successful RT-PCR.
Initially MIDI-C A 0 , MIDI-C A 5 , MIDI-C A 10 , and MIDI-C A wt in vitro-transcribed, capped RNAs that had been DNase treated were used as templates for RT-PCR to ascertain whether they contained poly(A) tails of sufficient length to be amplified by our method. A 200-ng portion of each RNA was reverse transcribed with avian myeloblastosis virus reverse transcriptase (Promega) at 37°C for 50 min. One-quarter of each reaction mixture was then subjected to 40 cycles of PCR amplification using Deep Vent polymerase with JS24 primer and oligo(dT) [12] [13] [14] [15] [16] [17] [18] . As shown in Fig. 9A , only MIDI-C A wt in vitro-transcribed RNA was amplified by RT-PCR (lane 4). MIDI-C A 0 , MIDI-C A 5 , and MIDI-C A 10 (lanes 1 to 3, respectively) therefore did not contain poly(A) tails of sufficient length for priming by oligo(dT) [12] [13] [14] [15] [16] [17] [18] during RT. This allowed us to track poly(A) addition to these RNAs over subsequent virus passages during DI replication experiments.
RNA samples from DI replication experiments were then examined by RT-PCR. A 500-ng portion of total cytoplasmic RNA from virus passages 0 to 4 of the experiment in Fig. 6 was reverse transcribed in the presence of oligo(dT) [12] [13] [14] [15] [16] [17] [18] as well as M648-633 primer ( Table 1) . M648-633 primer was included for further amplification of part of the MHV M gene. Amplification of MHV M sequence was expected from all RNA samples, whereas amplification of the poly(A) mutants was not. Onequarter of every reaction mixture was then used in each of two parallel PCR amplifications: poly(A) PCR [using JS24 primer and oligo(dT) [12] [13] [14] [15] [16] [17] [18] ] and M PCR (using primers M144-163 and M648-633).
A 500-nt MHV M fragment was amplified from all samples ( Fig. 9B to E, lanes 6 to 10) , indicating that none of the samples contained RT-PCR inhibitors. The appearance of the extended tails, at least as detected by this assay, paralleled the results for MIDI-C A wt and the mutants from the DI replication assay. As expected, MIDI-C A wt samples yielded the predicted 847-bp amplicon from all virus passages (Fig. 9E , lanes 1 to 5) following RT-PCR, consistent with replication of the DI RNA at each virus passage. RT-PCR products for all of the mutants were also observed concurrent with the appearance of definitively detectable replication (compare Fig. 9B to D with Fig. 6A to C) . The results indicated that upon transfection into MHV-infected cells, MIDI-C A 0 , MIDI-C A 5 , and MIDI-C A 10 underwent poly(A) extension and were replicated.
Many attempts were made to determine whether poly(A) tail extension occurred on Drep-A 5 and Drep-A 10 from the replication experiments. However, for technical reasons that we do not understand, we were unable to successfully amplify a specific product using oligo(dT) [12] [13] [14] [15] [16] [17] [18] and several Drep-specific upstream primers. All attempts to optimize the RT-PCR method for Drep did not alleviate this problem.
Taken together, the overall results with both systems support the same general conclusion. The coronavirus poly(A) tail is an important cis-acting signal for efficient DI and, by inference genomic, RNA replication. The ability of the defective genomes to be more efficiently propagated appears to correlate with binding of PABP to coronavirus 3Ј UTR RNAs.
DISCUSSION
Results from this study provide further evidence that the poly(A) tail is an important cis-acting signal for coronavirus RNA replication. The data are the first to demonstrate that the poly(A) tail is required for BCV RNA replication. In addition, the results extend the results of a previous study in which it was shown that the poly(A) tail is required for MHV minus-strand synthesis (33) . The results are also the first to demonstrate that host proteins specifically interact with the 3Ј UTR of BCV genomic RNA.
Defective genomes containing shortened poly(A) tails were used to determine the importance of the poly(A) tail in viral RNA replication. Deletion of all but one A residue from the poly(A) tail resulted in failure of BCV Drep to be replicated, since little if any of the replicon RNA was detected at the P0 time point and none was detected from four subsequent virus passages. We have not determined whether the block is at the level of minus-or plus-strand synthesis, but we assume, based on previous results from Lin et al. (33) , that the initial block to replication was at the level of minus-strand synthesis. In vitro-transcribed MIDI-C RNAs were used as templates to establish the RT-PCR assay for poly(A) tail repair. A poly(A) tail of more than 10 A residues was necessary to amplify MIDI-C using oligo (dT) [12] [13] [14] [15] [16] [17] [18] and primer JS24 (Table 1) (lanes 1 to 4). (B to E) RT-PCR analysis of RNAs from the DI replication experiment in Fig. 6 . An 847-bp RT-PCR product was expected using primers oligo(dT) [12] [13] [14] [15] [16] [17] [18] and JS24 (lanes 1 to 5). Primers M648-633 and M144-163 (Table 1) In contrast to BCV DrepA 1 , MHV MIDI-C A 0 replication was detected at late virus passages. Cursory comparison of our results with those of Lin et al. (33) would indicate that the two are in conflict. However, differences in the protocols used in the two studies most probably account for this. The earlier study was unable to detect minus strands derived from a different poly(A) tail-lacking DI RNA at 6 h after transfection (33) . We assayed for RNA replication and performed subsequent viral passages at 12-h time points. The additional 6 h following transfection (P0) probably allowed for either very inefficient replication that was not measurable by Northern blotting or PCR or, more likely, repair of the mutant poly(A) tails. Nonetheless, our data confirm that MHV DI replication is dependent on the presence of a poly(A) tail and extend the results of the previous work by showing that when DI RNAs with a shortened or deleted poly(A) tail are transfected into MHV-infected cells, the RNAs are not lost but are replicated over time. Our data strongly indicate that there is selective pressure for repair or restoration of the missing or truncated poly(A) tails, since the replication efficiency dramatically increased for all DIs once their tails were elongated.
We clearly demonstrated that the poly(A) tail was restored on MIDI-C A 0 . Both MIDI-C A 5 and MIDI-C A 10 underwent poly(A) extension, which appears to have contributed to the ability of these RNAs to be replicated, since the kinetics of the extension and replication were directly correlated. Replication of DrepA 5 and DrepA 10 could also be attributable to poly(A) tail repair, even though we were unable to demonstrate this. Repair could potentially occur by recombination with helper virus. This is the most likely explanation for the rescue of MIDI-C A 0 , as well as possibly MIDI-C A 5 and MIDI-C A 10 . However, we do not support this explanation for Drep, since it is difficult to imagine that DrepA 1 would not also be equally capable of recombination, assuming that A residues at the 3Ј end are not involved in the mechanism of recombination. An alternate mechanism by which repair might occur for the shortened tails is through poly(A) extension by cytoplasmic poly(A) polymerase, which recognizes preformed tails of a minimum length and extends them (61) . It is also possible that the shortened poly(A) tails of both MIDI-C and Drep were extended during the first round of plus-strand synthesis. Poly(A) tail extension of viral RNAs with shortened tails or lacking tails altogether has also been observed with other viruses (14, 15) .
Even though Drep and MIDI-C RNAs with shortened tails were replicated, the overall amount of replication for these RNAs was lower than for wild-type Drep and MIDI-C. The amount of RNA at P4 mirrored the lengths of the starting RNAs, with A 5 Ͻ A 10 Ͻ A wt . The efficiency of any of the above-mentioned mechanisms during P0 and P1, which may have allowed the truncated RNAs to be replicated, could account for the results.
The poly(A) tail is important for replication of other plusstrand viruses. The presence of a poly(A) tail increases the infectivity of poliovirus RNA (46, 51) . In vitro studies with encephalomyocarditis virus suggest that 3Ј-poly(A) may play a role in viral RNA template selection by the viral polymerase (7) . The presence of a poly(A) tail on Sindbis virus RNA appears to be important, but not absolutely required, for replication (15) .
What roles might the poly(A) tail play in coronavirus replication? Following entry into cells, the viral replicase proteins, including the polymerase, are translated from the polyadenylated genome. Therefore, the poly(A) tail must play its first role at the point of translation. Following translation, the genomic RNA is used as a template for minus-strand synthesis. During this step, the poly(A) tail may function as part of the promoter that is recognized by the polymerase. The requirement for 55 nt at the 3Ј end of the genome plus the poly(A) tail for minusstrand synthesis is consistent with the notion that the tail might be part of a promoter (33) . Also, the presence of a short poly(U) tract at the 5Ј end of BCV minus-strand RNAs suggests that initiation of minus-strand synthesis may occur within the poly(A) tail (17) . The poly(A) tail is generally predicted to be single stranded. Data suggest that there may be a general requirement for a single-stranded region for initiation of minus-strand RNA synthesis (43) . Since neither the BCV 3Ј UTR nor the MHV 3Ј UTR contains the polyadenylation motif (AAUAAA) that is highly conserved in eukaryotic mRNAs (44) , a short stretch of A residues may have to be copied during minus-strand synthesis to ensure that a poly(A) tail is added during the subsequent rounds of plus-strand synthesis.
Another possibility is that part of the poly(A) tail might interact with upstream nucleotides to form a functional promoter for polymerase recognition. Our cross-linking data suggest that, at least in the context of the 3Ј UTR probe, the poly(A) tail can interact with upstream nucleotides. It was recently reported that part of the bamboo mosaic potexvirus RNA poly(A) tail is involved in the formation of a potential pseudoknot that is required for efficient replication (55) . A pseudoknot is present within the BCV 3Ј UTR that appears to be involved in Drep RNA replication; however, the poly(A) tail is not predicted to be part of this structure (62) .
The first study to report an analysis of host protein interactions with the 3Ј UTR of MHV failed to detect proteins that bound a 90-nt probe representing the very 3Ј end of the genome (10) . More recently, host protein binding to the MHV 3Ј UTR was detected (64) . Proteins with molecular masses of 142, 120, 100, 103, 81, 55, and 33 kDa were reported to bind the MHV JHM 3Ј end. Two protein binding elements that bound the majority of these proteins were later mapped within the MHV 3Ј UTR (34, 63) . These elements are completely conserved among MHV strains (40) . The 3Ј-most element (5Ј UGAAUGAAGUU 3Ј) is also completely conserved between MHV and BCV, whereas the 5Ј-most element (BCV, 5Ј UUG GAGAAAGU 3Ј; MHV, 5Ј UGAGAGAAGUU 3Ј) of the two viruses has only 64% homology.
It remains to be determined if any of the proteins that bound the 3Ј UTR in our study are the same as those observed in the study by Yu and colleagues. With the exception of the Ͼ100-kDa species that bound the MHV 3Ј end, the proteins that cross-linked to the BCV 3Ј UTR and those that bound the MHV 3Ј UTR are in the same general molecular mass range. We have also examined the MHV 3Ј UTR by UV cross-linking using 17Cl1 cell lysates and obtained profiles that were similar to our results with the BCV 3Ј UTR (data not shown). The apparent differences in protein molecular masses previously reported for MHV (64) and in our results are most probably due to differences in the methods used to detect the 3Ј UTR binding proteins. The probes used by Yu et al. (64) did not contain a poly(A) sequence and in some cases were significantly shorter than the full-length 3Ј UTR used in our study. The MHV study required the use of RNase T I treatment to sufficiently resolve RNA-protein complexes for mobility shift assays (63, 64) , whereas this procedure was not required in our assays. Our results strongly suggest that the same or similar host protein-RNA interactions may take place in BCV-and MHV-infected cells, since the 3Ј UTR of MHV was able to compete as efficiently as the homologous 3Ј end for host protein interactions with the BCV 3Ј UTR.
We assumed that PABP would interact with our full-length 3Ј UTR probe, since it included a 68-nucleotide poly(A) tail. However, as mentioned above, our protocol was designed to avoid detection of this interaction. Our results indicate that PABP can cross-link to non-A residues in vitro, consistent with previously demonstrated in vivo results (1, 13) , but the poly(A) tail was clearly necessary for this interaction in our study. Further analysis is required to determine the structure of the 3Ј UTR in order to explain this.
PABP is a highly abundant cytoplasmic protein (13) that binds the 3Ј poly(A) tail on eukaryotic mRNAs and helps promote both efficient translation initiation and mRNA stability (reviewed in references 11, 22, and 45) . It interacts with the translation factor eukaryotic initiation factor 4G eIF-4G in yeast (52, 53) and with eIF-iso4G and eIF-4B in plants (28) . Mammalian PABP interacts with PABP-interacting protein (PAIP-1), a protein with homology to eIF-4G (6) . Recently, mammalian PABP was also found to directly interact with eIF-4G (21) . eIF-4G is part of a three-subunit complex, eukaryotic initiation factor 4F (eIF-4F), that binds mRNA cap structures during translation (49, 50) . PABP binding to eIF-4G, and possibly other initiation factors, mediates interactions between the 5Ј and 3Ј ends of mRNAs. This interaction is known as the closed-loop model of translation initiation (reviewed in references 11, 22, and 45) . Interactions between the 5Ј and 3Ј ends of yeast mRNAs were recently visualized by atomic force microscopy (59) .
There is no question that PABP must be involved in translation of the coronavirus genome upon entry into the cell, but it is also possible that through this role it is either directly or indirectly involved in RNA replication. What supports this idea? All naturally occurring coronavirus defective genome RNAs that have been isolated contain ORFs (5, 36-38, 41, 42, 56) . Translation is required for efficient replication of several of the defective genomes including Drep (4) and MIDI-C (57). The encoded sequence is not important for MHV DI RNA replication (31, 57) , whereas it appears that either the encoded protein or an RNA element is required for BCV DI RNA replication (4; R. Cologna and B. G. Hogue, unpublished data). Infectious bronchitis coronavirus DI RNAs do not require a long ORF for efficient replication; however, the importance of a small ORF in the DI RNA has not been determined (42) .
Since translation is required for efficient replication of coronavirus defective genomes, a lack of or decrease in interactions between PABP and the poly(A) tail may compromise translation. As a result, replication efficiency could be affected. Our analyses demonstrated that PABP binding is decreased when the poly(A) tail is shortened. Binding to the poly(A) tails of different lengths appeared to correlate with the replication phenotypes of the RNAs. Thus, it is reasonable to speculate that the PABP-poly(A) interaction may be important for replication. The coronavirus genomic RNA essentially resembles a large mRNA. Presumably, interactions between the ends of the genome are established during translation of the viral replicase proteins after the virus enters a cell. The juxtaposition of the 5Ј and 3Ј ends of the genome may be important for assembly of the viral replicase complexes, with the viral transcription and replication machinery having evolved to take advantage of the interaction that is initially established for translation. This could also explain, at least in part, the apparent requirement for both the 5Ј and 3Ј ends of the coronavirus genome for DI RNA replication (23) . The data for coronaviruses and other viral systems supporting the closed-loop model were recently reviewed by Lai (26) . Our data suggest that PABP may be an additional cellular factor that plays a role in the proposed interaction of the ends and should be included in the model.
Other plus-strand viruses also require translation in cis for RNA replication (35, 39, 60) . Coupling between translation and replication has been demonstrated for poliovirus (39) . Insight into how poliovirus controls the switch from translation to replication was recently gained when it was shown that the cellular protein poly(C)-binding protein (PCBP) upregulates viral translation whereas the viral protein 3CD represses viral translation and promotes minus-strand synthesis (12) . Identification of cellular and viral proteins that interact with both the 5Ј and 3Ј ends of the genome and direct proof of their function(s) should provide insight into how the processes are controlled by coronaviruses.
The work reported here represents an important step in identifying the host proteins that specifically bind and play roles in group II coronavirus RNA replication. The precise role(s) of the poly(A) tail and the relevance of the PABP interaction(s) with the coronavirus 3Ј UTR in the regulation of translation and replication warrant further study. Ongoing studies are directed toward demonstrating whether PABP plays a functional role in replication and, if so, the nature of this role. The other host factors that interact with the 3Ј UTR and the sequences or motifs within the 3Ј UTR with which the proteins interact are also being determined. Recently, bulged stem-loop (19) and pseudoknot (62) structures within the coronavirus 3Ј UTR were described. Motifs such as these are potential binding sites for the proteins shown to interact with the 3Ј UTR in this study.
